The species pool hypothesis highlights the effects of historical processes and past adaptation on contemporary patterns of species diversity. This hypothesis has been contentious because it is difficult to test. Here we argue that a trait-based approach enables an effective test of this hypothesis where increasing mismatch between community mean trait values (the optimal trait strategy) and the mean of the species pool (representing historical legacy) decreases species diversity. We confirm this prediction using a simulation model and demonstrate its utility using experimental communities of annual plants. Using this case study, we show that our hypothesis is more easily falsifiable than the classical species pool hypothesis and could be applied as a null hypothesis to any system. We also discuss the implications of our framework for the relationship between species diversity and functional diversity and propose additional testable predictions for classical hypotheses invoking past adaptations as drivers of current diversity patterns.
ecologists 8, 12, [15] [16] [17] . In the last section, we discuss how our framework can be applied for other types of hypotheses that fall under the umbrella of the species pool hypothesis 6, 7, 10 .
TRAIT-BASED FRAMEWORK FOR THE SPECIES POOL HYPOTHESIS
The relationship between the pool of all potential resident species and the assembly within a local community is determined by ecological selection (biotic and abiotic filtering) as affected by species traits. Borrowed from population genetics to describe community assembly 25, 26 , trait selection has two main attributes, strength and directionality ( Fig. 1) . By strength, we refer to the difference in ecological fitness (mean reproductive success) among species, i.e. the rate of decrease in fitness with increasing trait distance from the optimal trait value. By directionality, we refer to the location of the optimal trait values compared with the mean of the species pool's distribution. Accordingly, differences in species diversity among local communities could result from variation in selection strength, directionality, or both (Fig 1) .
We propose to view the species pool hypothesis as describing scenarios where the directionality of selection varies across an environmental gradient while selection strength is unchanged, following the classical view 12 that assume that there is no change in the intensity of competition along the gradient. The assumption here is that the species pool represents the legacy of historical conditions, whereas the mismatch between the mean of the trait distribution and the optimal trait value determines how many species are adapted to the specific habitat, Hence, when current ecological selection favors trait values that are rare in the pool (i.e. far from the mean, directional selection sensu 26 ), realized local species diversity is expected to be low. In contrast, when the optimal trait values match the mean of the trait distribution of the species pool (stabilizing selection sensu 26 ), local diversity is predicted to be high ( Fig. 1) .
Therefore, our trait-based species pool hypothesis can be viewed as a null model to compare against more complex hypotheses that predict changes in not only directionality, but also strength of selection. Our hypothesis would be supported if diversity difference among habitats could be explained by the degree of matching between the optimal trait value and the mean of the pool's distribution. In contrast, the hypothesis would be rejected if selection strength also varies among habitats.
Model description
Although the logic just described may seem intuitive, quantitative investigation is needed for testing the robustness of our prediction that a mismatch between the optimal strategy and the mean of the trait distribution will lead to low species diversity. Such a model can also assist in developing indicators for the optimal trait values and for selection strength as it is impossible to measure such attributes directly.
Our spatially implicit model describes population dynamics in a meta-community comprised of local communities. Competition occurs within each local community, and the local communities are connected by dispersal. For simplicity, the model assumes that the local communities have a fixed size and that there is no overlap among generations, as in annual species. In each time step, proportion of the community arrives from other local communities (hereafter dispersers), proportion I (hereafter immigrants) arrives from outside the metacommunity and the rest are descendants of individuals from the local community (hereafter residents).
Among each of the residents, the probably of belonging to species in timestep + 1 is determined by the following equation:
( 1) where ( ) is the frequency of species i in the local community (in the previous time step), is its ecological fitness (mean reproductive success) and is the number of species in the species pool. A similar probabilistic rule applies for dispersers with the only difference being that metacommunity frequency is used instead of the local community (i.e. they have equal chance to arrive from all the local communities). All species have the same (extremely low) probability to arrive as immigrants from the species pool.
The ecological fitness (mean reproductive success) of each species is determined by its specific trait value based on the following Lorentzian function:
Where represents the optimal trait value and determines the strength of the selection, i.e.
the degree of the fitness differences for a given trait distance. When = 0, all species have equal fitness while increasing intensifies fitness differences. This Lorentzian function was used to restrict to be positive for all values of selection strength. The trait values ( ) in the species pool were assumed to be normally distributed ( and are the mean and the SD of this distribution). For simplicity, the simulations focused on two scenarios, representing two extremes of a continuum. In the first, was equal to the mean value of the species pool (hereafter 'stabilizing selection'). In the second, it was equal to the highest value in the pool (hereafter 'directional selection').
All local communities started from a uniform abundance distribution of all species. We ran the model for 5000 time steps. Visual inspection suggests that communities reach equilibrium by approximately 3000 time steps, Fig. S1 -S3). We conducted three simulation runs for each parameter combination we investigated (differences were minor). All the results showed hereafter represent means of the three simulation runs, averaging from time step 3000 to 5000.
The description of parameters and their values in the simulations are found in Table 1 . In appendix 1, we tested the robustness of the model by investigating different assumptions about the distribution of the species pool ( Fig. S4-S6 ), alternative fitness function ( Fig. S7-S9) , and a scenario when the trait being selected is not the trait being measured (Fig. S10) .
Model results and interpretation
The model predicts lower species diversity under directional selection compared with stabilizing selection (Fig 2) , i.e. a mismatch between the optimal trait strategy and the trait distribution of the pool leads to low diversity. Additionally, the model suggests that the community weighted mean (CWM) indicates the optimal strategy, i.e. equal to the mean of the species pool under stabilizing selection and to the highest value in the pool under directional selection. Therefore, CWM can be used as an indicator for the type of selection. Moreover, community weighted variance (CWV) is only affected by selection strength (Fig 2) and therefore could be used as an indicator for selection strength. The difference between stabilizing and directional selection is robust to the scale (local scale vs. meta-community scale) and to the diversity indices (Simpson diversity vs. species richness). Moreover, transient dynamics are qualitatively similar to equilibrium results (Fig S1-S3 ).
Our results illustrate that lower diversity under directional selection results from two mechanisms operating in the same direction. First, there is a boundary constraint (similar to the mid domain effect 27 ) as only under stabilizing selection species with traits close to the optimum are found in both sides of the optimum. Additionally, species with intermediate traits are more similar to each other under normal distribution and therefore have more similar fitness. In accordance, the difference between the two selection types is smaller under a uniform species pool distribution (Fig S4-6 ). Our findings seem general and not restricted to the function we have chosen, because alternative fitness function produced similar results ( Fig. S7-9 ). Altogether, our simulation model demonstrates that the logic of our framework ( Fig. 1) is valid under many scenarios (Fig S1-S10 ) and that CWM and CWV could be used as empirical indicators of optimal trait strategy and selection strength.
EXPERIMENTAL CASE STUDY
Our model predicts that species diversity along environmental gradients will be lower in habitats where the observed CWM is far from the mean of the trait distribution of the species pool. This hypothesis could be rejected in two cases. The first case is when there are no trends in CWM and CWV along environmental gradient despite variations in species diversity. This type of rejection would indicate that the main traits leading to differential performance among habitats have not been identified. The second case is when CWV is lower in habitats with the lower diversity which indicates stronger selection in these habitats. This type of rejection suggests that diversity patterns could not be fully explained by the species pool hypothesis, requiring a niche-based explanation.
As a case study, we reanalyzed data from a mesocosm experiment of annual plants growing in two habitats varying in soil depth, which determines nutrient and water availability and therefore productivity 21, 28 . Diversity patterns were previously attributed to species pool effects 21 , which enables testing whether our new approach produces a similar conclusion. Furthermore, in this system, the regional species pool was well defined (number of sown species), initial conditions and community size known, and immigration experimentally prevented. These conditions allow developing a dynamic model of pure drift (i.e. when = 0) for a better interpretation of the observed patterns. The differences between the expectations of the drift model and the observed CWM values indicate the degree of directionality (mismatch with the pool), while the differences between CWV and the drift model indicate the strength of the ecological selection.
We tested whether the lower diversity in the deeper soil 21 could be explained by a greater mismatch between the CWM seed size in that habitat and the mean seed size in the species pool (i.e. stronger directional selection). We focused on seed size as the main trait because a previous analysis 28 has shown that it is a main predictor for habitat affinity in that system (other measured traits did not affect habitat affinity). A detailed description of the experimental system is found in the original papers 21, 28 . More details on the current analyses including parametrization of the drift model are found in appendix 2.
In both habitats, species diversity was lower than expected by pure drift implying that ecological selection has occurred (Fig 3A, B) . However, species richness and Simpson diversity were lower in the deep soil treatment (the productive habitat). Community weighted mean seed size was similar to the drift model in the shallow soil (less productive habitat) but was higher in the deep soil ( Fig 3C) indicating that directional selection for seed size could only occur in the latter.
Community weighted variance was similar to the random drift expectation in the shallow soil but much lower in the deep soil (Fig 3D) , suggesting a strong seed size selection in the deep soil and no selection for seed size in the shallow soil (i.e. selection in the shallow soil was probably related to other unmeasured traits).
The findings that CWV was lower in the deep soil rejects the hypothesis that species pool effect was the only mechanism driving diversity patterns in this mesocosm experiment. These results suggest that seed size selection was also stronger in that habitat and therefore diversity patterns are not a mere result of the degree of mismatch between the CWM (optimal seed size strategy) and the species pool. This interpretation contrasts with the previous conclusions for this system based on estimating habitat species pools 21 .
While the species pool hypothesis is not a sufficient explanation here, it can be viewed as a null hypothesis for more complex hypotheses predicting stronger seed size selection with increasing resource availability because of more intense light competition 29 . Previous analysis of this system that focused on CWM and CWV 28 interpreted its results as supporting a niche hypothesis.
Here, however, we are led by our new analysis to correct that conclusion through integration of species diversity patterns and traits patterns, thereby showing that in the less productive habitats, selection occurred but it was unrelated to seed size (i.e. seed size cannot explain all the observed patterns of community assembly as previously concluded 28 ). Altogether, our analyses demonstrate the advantage of investigating CWM, CWV, species pool distribution, and species diversity simultaneously. Using this approach, we were able to refine the previous conclusions regarding the underlying mechanisms of ecological selection even in such a well-studied experimental system.
DISCUSSION

Challenges in empirical tests of the trait-based species pool hypothesis
The main challenges of testing the trait-based species pool hypothesis are common to every traitbased approach, including multiple correlated traits, trait interactions, intraspecific variability, and ignorance about important traits 30, 31 . Some of these problems could be partially solved. For example, when there are multiple correlated traits, one can apply ordination techniques (e.g.
PCA, NMDS) and use ordination axes instead of using single trait values. Alternatively, when multiple traits are not highly correlated. one can replace the use of CWM and CWV for a single trait with the centroid and the dispersion around it within a multidimensional trait space.
Problems that are more difficult to resolve include multiple trait optima and detecting missing traits (i.e. trait that affect fitness but were not measured). Detecting missing traits is often based on the degree by which species' traits determine their abundance patterns, with low predictive power indicating a missing trait 26 . Alternatively, our approach detects missing traits by comparing species diversity and CWV. Using this approach, we found that in our case study seed size selection cannot explain the observed patterns of species diversity under low productivity which we interpret as an evidence for a missing trait (Fig 3) . This new interpretation contrasts with a previous conclusion that was based on the strong relationship between seed size and habitat affinity and the lack of predictive power of other traits 28 .
Promises of the trait-based species pool hypothesis
model has no overlap with ours as it focuses on patterns of beta diversity (differences in composition) between habitat types, whereas we focused on alpha diversity (diversity within local communities). Nonetheless, both studies have reached the same conclusion that the effects of the species pool on species diversity could not be understood without consideration of traits.
In this paper we focused on the species pool hypothesis as commonly perceived in plant ecology 8, 12 . This type of species pool hypothesis (sometimes called 'the habitat specific species pool hypothesis') applies to scenarios where local communities vary in their environmental conditions (and their habitat specific pools) but the regional species pool is the same.
Alternatively, other versions of the species pool hypothesis focus on scenarios where diversity varies under similar habitat conditions because of distinct regional pools 6, 7 .
Our framework could be also applied to the second type of species pool hypothesis. When regions vary in the trait distribution of their regional pool, the directionality of the ecological selection can change despite similar environmental condition. While a similar trait optimum (CWM) is expected in similar environments, its match with the species pool will differ when the trait distributions vary. This point can be illustrated using the classical model of grazing and plant diversity 32,33 as an example (Fig 4) . Although grazing selects for short plants in numerous systems worldwide 34 , it has been hypothesized that its effects on species diversity patterns are more negative in systems with short grazing history 32,33 . Our approach can clarify the assumptions while producing new predictions for this hypothesis (Fig. 4) . If variation in grazing effects are a mere result of historical factors shaping the species pool, then we expect differences in the height distribution (or any other important trait) between the pools (Fig 4a) but no differences in CWM and CWV when environmental conditions are similar (Fig 4b) .
Alternatively, this hypothesis would be refuted if height distribution was not different among regions (implying no functional differences in the species pools) or if CWM and CWV varied among communities from different regions (implying that other drivers vary among systems).
More generally, any trait-based comparison among systems could be disentangled to species pool effects vs. variation in selection strength using our approach. For example, empirical evidence suggests that productivity-diversity relationships and pH-diversity relationships differ between temperate and tropical regions 15, 35 . So far, these patterns have been interpreted as consequence of differences in historical adaptation between the biomes. Yet, alternative interpretation could attribute these patterns to interactions between pH and temperature or to variation in the determinants of productivity at different biomes. Our framework could disentangle these alternative explanations by investigating which traits are driving these observed diversity patterns. A trait-based support for this hypothesis would require evidence that both biomes show similar patterns of trait selection along environmental gradients (CWM and CWV patterns) but have different trait distribution at their regional pools.
An additional implication of our framework is new predictions regarding the relationship between species diversity and functional diversity across environmental gradients 36-38 . When using CWV as the indicator for functional diversity, our model predicts that the two aspects of diversity should be positively correlated if diversity patterns are determined by selection strength (e.g., along an environmental gradient that affects mostly selection strength). However, we would expect a weaker correlation if diversity patterns are determined mostly by selection type (e.g., transition from stabilizing selection to directional selection affects only species diversity), or by the variance among species in the species pool (increasing variance lead to lower species diversity and higher CWV, Fig S4-S5 ).
CONCLUSION
Here, we have demonstrated that using trait distribution as an indicator of historical adaptation helps to make the species pool hypothesis falsifiable. This framework provides new testable predictions for other hypotheses invoking adaptation to explain diversity patterns (Fig 4) .
Communities are governed by both contemporary and historical processes, and the approach we have presented here provides a new tool to quantify their relative influence on species diversity across environmental gradients.
Supplementary Information is available in the online version of the paper. 
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Po-Ju Ke show stabilizing selection where the optimal trait value (the maximum of the blue fitness curve) matches the mean of the trait distribution of the species pool while the right panels show directional selection where there is a mismatch between the optimal trait value and the mean of the distribution. In the upper row selection is weak (small difference in fitness among species) while in the lower row selection is strong. The left y-label refers to the histogram describing the trait distribution in the species pool while the right y-label refers to the blue curve describing the relationship between trait values and fitness. (B) The framework predicts negative effects of the directionality (the degree of mismatch between the optimal trait value and the trait distribution) and strength of the ecological selection on species diversity. Scenarios where differences in diversity between habitats could be explained only by variation in directionality (no differences in selection strength) are interpreted as supporting the species pool hypothesis. 
ONLINE SUPPORTING INFORMATION Appendix 1 -Investigating the theoretical model
This appendix includes additional simulations of our model with the aim of a gaining a deeper understanding of its behavior and testing its robustness to different assumptions. Specifically, we investigated: (a) temporal dynamics (Fig S1-S3) , (b) the effects of varying the trait's distribution Fig S4-S6) , (c) the effects of varying the fitness function (Fig S7-S9) , and (d) a scenario when the trait being measured is not the trait being selected (Fig. S10) .
(a) Temporal dynamics
Here, we investigate temporal dynamics from the beginning until the end of the simulation (5000 time steps) for understanding transient dynamics. We investigate these transient dynamics because a main challenge in testing theoretical models using experimental systems is that the timescales of experiments often represent transient dynamics rather the equilibrium conditions.
In our model reaching an equilibrium could take up to 3000 timesteps under very low stabilizing selection ( Fig S1) but can be much faster under strong selection (Fig S2) . Additionally, we tested whether qualitatively similar results could be obtained in 10 generation (years). We found that the main results after a decade are qualitatively similar to the main results in equilibrium ( Fig Here, we investigated scenarios where the standard deviation of trait distribution of the species pool is lower ( = 0.1) or higher ( = 1) than in the main simulation (where = 0.5). We also tested how does uniform trait distribution affect the results (with a similar standard deviation to the main simulation, range [-0.8 0.8]). While we are unaware of any empirical species pool with a uniform distribution, this simulation was used for inferring whether our predictions stem from the assumption of normal distribution.
We found that changing has no qualitative effect on community attributes but there are few quantitative effects (Fig. S4-5) . First, higher levels of could lead to higher community weighted variance (CWV) but this effect decreases with increasing (when selection is very strong, CWV is low regardless of ).
Another effect of increasing is decreasing species diversity because higher trait differences lead to higher fitness difference. Lastly, there are three-way interactions between selection strength ( ), selection type (stabilizing vs. directional) and . An inevitable outcome of equation two is that there are no differences between stabilizing and directional selection when = . However, the degree of selection strength where a difference between stabilizing and directional selection arises depend on . As increases, lower levels of are needed for a difference between the two selection types to appear.
Patterns of trait distribution under a uniform distribution were very similar to the patterns obtained under normal distribution (compare Fig S6 with Fig 2 in the main text) . However, species diversity patterns differ, i.e. there were smaller (but still apparent) differences between stabilizing and directional selection under uniform distribution. The finding that the differences did not disappear implies that differences in species diversity patterns between stabilizing and directional selection are not a mere result of the assumption of normal trait distribution (they are also related to geometric constrains). 
(c) the effects of different fitness function
We investigated the sensitivity of our modeling approach to the specific function used for relating traits and fitness by substituting equation 2 in the main text with the following equation.
Where represent the optimal trait value and determine the strength of the selection, i.e.
the degree of the fitness differences for a given trait distance. As in equation 2, When = 0, all species have equal fitness and as increases, the larger the fitness differences. However, unlike the Lorenzian function used in the main text which is naturally constrained between zero and one, the function used here includes a minimum term for avoiding negative values (it is more similar to selection functions being used in population genetics). This minimum term implies that instead of fitness asymptotically approaching zero with increasing distance from optimum as in the main simulation (Fig S7) , above some threshold distance from the optimum values are set to zero (Fig 8) . Therefore, while the interpretation of as selection strength applies for both equation two and equation three, the actual values are not comparable.
Changing the fitness function has no qualitative effect on the results. In both cases species diversity is higher under stabilizing selection (Fig S10) . In addition, in both cases CWV is similar for both type of selection. The only difference found following this change is that CWV is slightly higher under directional selection compared with stabilizing selection despite the latter leading to higher species diversity. 
(d) wrong trait scenario
Here, we investigated a situation where the main trait being investigated is not the trait being affected by selection (selection affects an unmeasured trait). For this aim, we randomly permutated the fitness values (based on equation 2) among the species thereby breaking the correlation between fitness and trait value. This approach leads to much larger differences among simulations (because by chance species with extreme small or high value can have high fitness).
We found that under this scenario both types of selection do not affect the community mean while both selection types reduce the variance as selection strength increase although variance is lower under directional selection for any given level of selection strength (Fig. S4 ). At the (experimental) species pool level, seed mass was log normally distributed (Fig S11, Table   S1 ) and therefore our analysis was based on log10-transformed seed mass data (as in most analyses of seed size patterns). We used abundance data from the fifth growing season in a fixed quadrat of 25x25 cm at the center of each container (to avoid edge effects) for calculating species diversity (species richness and Simpson's index) and seed mass patterns (community mean and variance). We report the results of the two deepest soil-depth categories here (18 cm and 55 cm, refer to as shallow and deep for simplicity) because we focus on hypotheses explaining the reduction in diversity under high resource availability.
We compared the observed results of the experiment to a model of pure drift (hereafter drift model) of no selection (i.e. = 0) based on parameterizing our theoretical model (see table S2 for all parameters) based on the experimental system. Although the experiment included 51 species, in the drift model species pool size was 47 based on the number of species blooming during the first year. The aim of this conservative assumption was avoiding a naïve evidence for selection based on technical artifacts (e.g. non-viable seeds) of the experiment. Estimation of community size was based on the mean number of individuals measured in each container multiplied by six (the ratio between the area samples and the total community). Initial composition was assumed to be a random sample from multinomial distribution where all species have the same chance to be sampled (since sowing density was equal). 
